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Abstract 
Energy recovery from municipal solid waste plays a key role in sustainable waste management and 
energy security. However, there are numerous technologies that vary in suitability for different 
economic and social climates. This study sets out to develop and apply a multi-criteria decision 
making methodology that can be used to evaluate the trade-offs between the benefits, opportunities, 
costs and risks of alternative energy from waste technologies in both developed and developing 
countries. The technologies considered are mass burn incineration, refuse derived fuel incineration, 
gasification, anaerobic digestion and landfill gas recovery. By incorporating qualitative and 
quantitative assessments, a preference ranking of the alternative technologies is produced. The 
effect of variations in decision criteria weightings are analysed in a sensitivity analysis. The 
methodology is applied principally to compare and assess energy recovery from waste options in 
the UK and India. These two countries have been selected as they could both benefit from further 
development of their waste-to-energy strategies, but have different technical and socio-economic 
challenges to consider. It is concluded that gasification is the preferred technology for the UK, 
whereas anaerobic digestion is the preferred technology for India. We believe that the presented 
methodology will be of particular value for waste-to-energy decision-makers in both developed and 
developing countries.  
 
Keywords: Waste-to-Energy (WtE); Multi-Criteria Decision Making (MCDM); Analytical 
Hierarchy Process (AHP); Benefits Opportunities Costs and Risks (BOCR); energy policy. 
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1. Introduction 
Energy recovery from waste or waste-to-energy (WtE) has become an attractive option for many 
countries as an effective waste management solution. WtE technologies can provide valuable 
energy, reduce the burden on the land required for landfill disposal and mitigate greenhouse gas 
emissions. As a result – and despite a recent economic crisis – the global market for WtE 
technologies has experienced substantial growth (World Energy Council, 2013a) and there are now 
over 1200 operating plants across 40 countries (Ghosh, 2014).  
WtE technologies include any waste treatment system that creates energy in the form of electricity, 
heat or transport fuels from a waste feedstock. These technologies can process many types of waste 
(e.g. sewage, medical waste, industrial gases etc.), but the most common application is for 
processing municipal solid waste (MSW). In 2012, the annual global generation of MSW was 
estimated to be 1.3 billion tonnes, and it is expected to rise to 2.2 billion tonnes by 2025 (Hoornweg 
and Bhada-Tata, 2012). 
Whilst there is a great potential for generating energy from waste, there are many challenges ahead 
for the WtE industry and many of the barriers for further development are unique to each country. 
Policy uncertainties, economic challenges and competition with non-renewable energy sources are 
some of the key concerns facing the WtE industry (IEA, 2013). The varying composition of waste 
that changes radically from low-income to high-income countries is also a major issue for deciding 
on the suitability of different technology types. This is particularly relevant to countries such as 
India and UK, as they have been identified as countries that require improvements to their waste 
management strategies (Jamasb and Tooraj 2010 and Unnikrishnan and Singh, 2010), but have very 
different MSW characteristics and socio-economic challenges to overcome.   
The Asia-Pacific region has been predicted to be the fastest growing market for WtE with major 
expansions expected in countries such as India (World Energy Council, 2013a). Urban MSW 
3 
 
generation in India is approximately 40 million tonnes per annum (Hoornweg and Bhada-Tata, 
2012) and is expected to rise at an annual rate of 1.33% (EAI, 2013). Most of the collected MSW in 
India is disposed of through unsanitary landfills or uncontrolled dumping in city outskirts (Singh, et 
al., 2011). The Indian Ministry of New and Renewable Energy predicted a 1500 MW power 
generation potential from MSW, but only 2% of the WtE potential has been realised (EAI, 2013). 
Previous attempts on recovering materials and energy from MSW in India have encountered 
numerous setbacks. One reason which has been attributed to the unsuccessful deployment of WtE in 
India is that local conditions have not been taken into account (Aswani, 2012). MSW in India is 
typically high in organic content at round 50% (EAI, 2013). In comparison, MSW in the UK has an 
average composition of approximately 50% recyclables, 34% biodegradable waste (food, garden 
and other organic wastes) and 16% other miscellaneous wastes (Defra, 2009) (see Figure 1a-b).  
The UK has predominantly relied on landfills for managing waste in the past. However, this has 
changed in recent years with waste being diverted from landfills due to stringent legislations and 
policies such as the EU Landfill Directive (1999/31/EC) (Defra, 2014a). The percentage of waste 
treated in England through WtE systems is forecasted to rise to 20% by 2020 (IEA Bioenergy, 
2012). Another driver for WtE facilities in the UK is that they can contribute towards a renewable 
energy target of having 15% of the total UK energy generation portfolio being provided by 
renewable sources.  In the past few years, a combination of different market mechanisms and 
incentives has been introduced by the UK government to promote more WtE activities. However, 
the UK still faces some major obstacles to the growth of WtE such as public opposition, policy 
inconsistencies, planning restrictions and financing issues. 
Strategic decision making for WtE technology selection is highly complex, especially given the 
growing number of emerging technological alternatives. Operations research techniques such as 
Multi-Criteria Decision Making (MCDM) tools are established methods to aid decision makers 
compare and evaluate technologies. These tools have been widely used throughout the energy 
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industry (Zhou et al., 2006 and Løken, 2007) and are growing in popularity within the field of waste 
management (Aravossis et al., 2001, Hsu et al., 2008 and De Feo and De Gisi, 2010). Studies 
specific to the application of such tools in MSW management mainly focus on site and treatment 
strategy selection (Soltani et al., 2015). However, many inappropriate technology selection choices 
are still being made by key WtE decision makers and research has identified the need for a wider 
uptake of MCDM methods to address this problem (Nixon et al., 2013a).  Whilst the environmental 
impacts of different WtE technologies have been compared using life cycle assessment tools (Arena 
et al., 2015 and Evangelisti et al., 2015), there is also a requirement for an MCDM tool that can 
enable all the trade-offs between the advantages and disadvantages of different technology types 
operating in varying locations to be assessed. Addressing this gap will facilitate and enhance the 
global deployment of WtE technologies. 
This paper aims to examine and compare WtE technologies used for energy recovery from MSW in 
developed and developing countries. A specific objective of the study is to outline and demonstrate 
an MCDM model for evaluating WtE technologies based on countries’ unique socio-economic and 
technological environments. To achieve this, decision making criteria will be determined for the 
assessment of WtE technologies, and the model will be applied principally to case studies for India 
and the UK. An outcome from the study will be a methodological approach that can be applied to 
other countries by researchers and decision makers. 
The next section outlines the methodology developed to achieve the aim and objectives of this 
study. Section 3 explains the decision making model used for analysing WtE technologies. Section 
4 follows on with a detailed review of WtE technology alternatives in India and the UK. The output 
of the review is fed into the model as described in Section 5 and a sensitivity analysis is performed 
to examine the impact of different opinions on the results of the evaluation. Finally, Section 6 
discusses the findings and a conclusion is provided in Section 7. 
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2. Methodology 
The decision making model is initially developed by reviewing MCDM methods and their 
applications for waste management and energy planning. This enables the most widely used 
MCDM methods to be identified and determines areas within existing models requiring 
improvement for the desired application. A review of WtE technologies is performed to gather data 
and determine suitable evaluation criteria for both India and the UK. The criteria considered 
encompass a range of financial, technological, environmental and economic factors, and are 
comparable to those used in similar technology evaluation studies (Hokkanen and Salminen, 1997; 
Aravossis, et al., 2001; Nixon, et al., 2013b; Stein, 2013; and Ahmad and Tahar, 2014).  
To develop credible decision preferences (i.e. provide importance weightings for the selected 
evaluation criteria), six academic experts – three from India and three from the UK – who specialise 
in WtE have been engaged and their opinions gathered using surveys. The data collected from the 
technical review and experts is then fed into an MCDM model to evaluate and compare WtE 
technologies for India and the UK. The MCDM analysis is performed in SuperDecisions® which is 
a well-established software package for carrying out MCDM studies based on mathematical 
decision making theories, and it has been applied by a number of researchers in other studies 
(Atmaca and Basar, 2012 and Banar, et al., 2007). The overall outcome from the MCDM model is a 
preference ranking for each technological alternative. To take into account the potential variations 
in experts' opinions and gathered data, a sensitivity analysis is conducted. Based on the MCDM 
results, recommendations for the development of WtE in India and the UK are made.  
3. The AHP-BOCR Decision Making Model 
The most well-known MCDM methods include Multiple Attribute Utility Theory (Keeney and 
Raiffa, 1993), Analytical Hierarchy Process (Saaty, 1980), Analytical Network Process (Saaty, 
2001), Preference Ranking Organization Method for Enrichment Evaluation (PROMETHEE) (J.P. 
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Brans, 1986), Elimination et Choice Translating Reality (ELECTRE) (Roy, 1991) and Technique for 
Order Preference by Similarity to Ideal Solution (TOPSIS) (Hwang and Yoon, 1981). A number of 
authors have reviewed these methods for the application of aiding waste management and energy 
planning decisions. Soltani, et al. (2015) reviewed the use of MCDM in the area of MSW 
management and Løken (2007) highlighted the advantages and disadvantages of each MCDM 
method for evaluating energy planning problems. Other reviews of MCDM methods applied in 
sustainable energy decision making have been discussed by Pohekar and Ramachandran (2003), 
Wang, et al. (2009) and Scott et al. (2012). These authors concluded that there is great potential for 
MCDM methods in field of MSW management and energy planning.  
Whilst one MCDM method is not necessarily better than the other (Løken, 2007), the Analytical 
Hierarchy Process (AHP) has proved to be the most widely applied decision making method in 
terms of number of journal publications (Aragonés-Beltrán, et al., 2014).  The AHP, first introduced 
by Saaty (1977), is very popular for evaluating technology alternatives in both MSW management 
and energy planning problems. Specifically, in the MSW management field, a review of 68 decision 
making studies found that AHP, and its associated family of methods, accounted for 65% of the 
published papers (Soltani, et al., 2015).  
Additional strategic frameworks can be integrated in AHP to improve the decision making rationale; 
however, research in this area has been limited for MSW management (ibid.). To deal with the 
bipolarity of decision attributes more comprehensively, Benefits, Opportunities, Costs and Risks 
(BOCR) merits can be introduced into the AHP method. Solving a problem by BOCR analysis 
considers both positive attributes (Benefits and Opportunities) and negative attributes (Costs and 
Risks) to determine a preference of alternatives in relation to a specific goal. BOCR is in certain 
ways similar to a Strengths, Weakness, Opportunity and Threats (SWOT) analysis, as it is a 
framework which looks into the positive and negative aspects of a problem through internal and 
external factors. However, there are differences in their applications: SWOT is usually used to 
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analyse a business problem at a single instance, but repeatedly over a period of time; while BOCR 
can be applied to analyse both short and long term influencing factors surrounding a problem. There 
is also a tendency for a SWOT analysis to be used qualitatively and not quantitatively (Zoffer, et al., 
2008). Thus, the integration of BOCR into AHP allows for a more comprehensive way to achieve 
meaningful preference scores (Saaty, 2004), and it is well suited for the purpose of comparing and 
assessing energy technologies. 
Recent literature using the AHP-BOCR method for energy planning include a strategic analysis of 
wind farm projects in China (Lee, et al., 2009), an analysis for the selection of solar-wind hybrid 
power generation projects in China (Chen, et al., 2010), and the evaluation of sustainable renewable 
energy sources for North Korea based on the views of different stakeholders (Yi, et al., 2011). In 
terms of waste management, the AHP-BOCR method has also been applied to determine a suitable 
landfill site in Turkey (Banar, et al., 2007). The combination of the BOCR framework with AHP is a 
more intuitive decision making method, particularly for energy technology projects where it is 
useful to investigate the trade-off between BO and CR. Thus, this model will be used to evaluate the 
feasibility of WtE projects in India and the UK. 
The general idea of the AHP method is to decompose a complex problem into hierarchical levels, 
and then determine preference rankings of the decision alternatives through applying weightings 
based on the judgement of selected respondents. The alternative with the highest weighing is then 
generally the most preferred outcome. The AHP-BOCR model is developed based on a standard 
AHP model. The research problem is decomposed into hierarchical levels with the research goal 
being placed at the top. As illustrated in Figure 2, the first level in the hierarchy consists of the four 
merit clusters: B, O, C and R, the second level contains networks of the BOCR sub-criteria and the 
final level consists of all alternatives considered. A technology review is required to provide data 
for each of the hierarchical levels in order for the decision making technique to be carried out. 
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4. Waste to Energy Technology Review in India and UK context 
An overview of WtE systems and their energy outputs is provided in Figure 3. The thermochemical 
conversions processes reviewed in the context of India and the UK include incineration with raw 
MSW and refuse-derived fuel (RDF), pyrolysis and gasification. The biochemical conversion 
technologies considered are anaerobic digestion (AD) and landfill with gas recovery. 
4.1 Incineration   
Incineration, also known as mass burn, is the most commonly used technology for WtE and has the 
capability of achieving up to 90% volume reduction of MSW (Singh, et al., 2011). The Manual on 
MSW Management (CPHEEO, 2000) states that a 300 tonnes per day (tpd) incineration plant 
requires approximately 0.8 hectares of land. Overall conversion efficiencies are typically in the 
region of 18-26% (Lombardi, 2015). Incineration of waste with high moisture content can lead to 
energy losses through drying. Therefore, this type of technology has not performed well in India 
due to MSW being high in biodegradable content (~50%), high in moisture (40-60%) and low in 
calorific value (800-1100kcal/kg) (Unnikrishnan and Singh, 2010). With these characteristics, it is 
difficult for combustion to be self-sustaining without the support of auxiliary fuels. This was one of 
the major problems that led to the closure of India’s first large scale incinerator built in 1985 in 
Timarpur (Asnani, 2006).  
Emissions from incinerators contain many pollutants (CO2, SOx, and NOx, etc.), but they can be 
significantly reduced through the use of appropriate pollutant control systems. Murphy and 
Mckeogh (2004) reported that MSW incineration generating only electricity can produce 
approximately 220 g CO2/kWhe based on a net conversion efficiency of 15.3%. However, they do 
note that it is difficult to establish precise values due to the varying composition of MSW. Emission 
regulations are not as stringent in India as compared to those for the UK. For example, incineration 
plants in the UK have to comply under the strict emission limits through the Industrial Emissions 
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Directive (IED) 2010/75/EU. The Timarpur-Okhla waste incineration plant in India which started 
operations in 2012 was reported to exceed pollution levels by more than 25 times above permitted 
levels (Kelkar, 2013). Besides air emissions, moderate water pollution in thermochemical WtE 
systems occurs from water being used in scrubbing. 
Capital costs in the UK for plants ranging from 100-200 ktpa have been estimated to be around 620-
700 $/tpa (400-450 £/tpa) (Greater London Authority, 2008). Capital costs in Europe have been 
estimated to reach as high as 500 Euros/tpa for plant capacities in the region of 500 ktpa; however, 
they are often a lot less (Massarutto, 2015). Gross operations and maintenance (O&M) costs for 
incineration plants are typically around 10% of the capital costs (Greater London Authority, 2008). 
The capital cost of incineration plants in India has been reported to be around 22–42% of the price 
of EU and US WtE facilities (World Energy Council 2013b). Operational costs for incinerators in 
India are estimated to be around 85 $/tonne (Chakraborty, et al., 2013). However, in India, there is a 
lack of expertise and experienced contractors to design and build thermochemical WtE plants (Dey, 
et al., 2014). Thus, skilled resources have to be imported from other countries and this drives up 
initial investment costs.   
One of the main sources of revenue for a WtE facility in the UK are gate fees which are in the range 
of 100-140 $/tonne (65 – 90 £/tonne) of MSW (WRAP, 2014). In India, there is typically no gate 
fee system for any type of WtE plant. This means that the only source of revenue is through the sale 
of electricity and by-products. Profitability of incineration plants can also be improved through the 
recovery of valuable metals. There is also potential for bottom ash to be sold as an aggregate for 
construction (Defra, 2013a). A number of other government support mechanisms have been 
introduced to encourage the development of WtE (WRAP, 2012). These include the Renewable 
Obligation Certificate (ROC), Renewable Heat Incentives (RHI) and feed-in-tariffs (FIT). 
Incineration WtE projects can currently earn 1 ROC/ MWh (only if it is a qualifying combined heat 
and power system); RHIs are available at 0.04 $/kWh (2.7 p/kWh) for the organic fraction of waste, 
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whereas FITs are available at 0.17-0.19 $/kWh (11-12.5 p/kWh) but only for micro CHP systems 
(2kWe or less). India’s Ministry of New and Renewable Energy has declared accelerated financial 
assistance for WtE projects under the National Program on Energy Recovery (Zhu, et al., 2009),  
but no support is currently available for incineration unless RDF is utilised.  
4.2 RDF incineration 
Municipal waste can be pre-treated before combustion to produce RDF. RDF consists of the dry 
combustible fraction of MSW and is generally in the form of fluff or pellets. Whilst RDF is 
produced to have a high energy content, its composition and calorific value is dependent on the 
source of waste and separation process. The additional benefits of RDF as the feedstock for 
incineration include more homogenous content, improved reliability and cleaner emissions. RDF 
pellets are also relatively easy to store and transport. Due to the high combustible content and 
reduced water content in RDF, steam cycle efficiencies can be potentially improved in comparison 
to conventional incineration (Fitzgerald, 2014). However, increased parasitic loads for RDF 
processing reduce net conversion efficiencies. Waste volume reduction rates for RDF are similar to 
mass burn incineration, although this is only for the separated fraction of MSW.  
The market for local RDF use in the UK is still considered immature. However, 1.58 megatonnes of 
RDF was exported from the UK in 2013 (Defra, 2014b). The RDF experience in India includes 5 
RDF plants installed near Hyderabad, Vijayawada, Jaipur, Chandigarh and Rajkot. The RDF plants 
in Hyderabad, Vijayawada and Chandigarh have had severe problems which have resulted in plant 
closures and public opposition to RDF plants. Nevertheless, attempts at installing RDF-based plants 
in India are still on-going (Kalyani and Pandey, 2014). 
Although the costs for the RDF processing equipment can be high, furnace sizes are typically 
reduced and conversion efficiencies can be improved (Rand, et.al, 2000). Therefore, the capital 
costs of an RDF incineration plant in the UK are assumed to be comparable to a mass burn 
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incineration plant. In India, the capital cost of a proposed 10 MW RDF facility in Ghazipur, with a 
capacity of 429 ktpa of MSW, was expected to cost approximately 135 $/tpa of processed RDF 
(UNFCCC, 2006). There is also scope for RDF to be co-fired in existing coal-fired power plants. 
This would reduce initial investment costs as the main expense would be for system modifications 
and waste pre-processing equipment. As RDF generation can involve dehydrating, shredding and 
palletisation – which might take place at a separate site – operational costs are increased. In India, 
the National Program of Energy Recovery offers an incentive of 230,000 $/MW (15 million 
Rs./MW) of power generated from MSW involving RDF. In the UK, financial support for RDF is 
similar to mass burn incineration. In addition to financial incentives, RDF incineration plants need 
to rely on profits from material recovery to be competitive with mass burn incineration (Fitzgerald, 
2013). 
4.3 Gasification 
Gasification is an advanced thermochemical treatment process that involves the partial oxidation of 
a substance. Whilst gasification is a well-established technology, there are a limited number of 
commercially proven plants processing MSW (Tanigaki, 2015). Typically, MSW does require some 
form of pre-treatment before it can be gasified; however, this does depend on the gasification 
reactor design and configuration (Tanigaki, 2012). The main product from gasification is a syngas 
which can be combusted to produce energy. Syngas can also be used to produce chemical 
feedstocks and liquids fuels. However, the composition of raw syngas can be variable and it is 
difficult and expensive to condition and clean (Richardson et al., 2012). At around 18-22%, overall 
waste to electricity conversion efficiencies for gasification used with a conventional steam cycle are 
comparable to incineration. Nevertheless, conversion efficiencies can be increased to around 26-
28% through the use of a gas engine or up to 30% with a gas turbine (Greater London Authority, 
2008 and Arena, 2012). As gasification plants are generally more complex than incinerators, they do 
tend to be more costly. 
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In the UK, capital costs for gasification WtE plants have been reported to range from 620-850 $/tpa 
(450-550 £/tpa) for capacities of 100-200 ktpa (Greater London Authority, 2008 and Defra, 2013b). 
Whilst there are many gasification systems in India, there are no established gasification plants 
processing MSW. A wide range of capital costs have been reported for gasification plants in India 
(NRI, 2012) and, for the purposes of this study, the cost is assumed to range from 170–300 $/tpa. 
The operational costs for gasification systems in India and the UK have been reported to be 65-112 
$/tonne (Nixon, et al., 2013b) and 70-90 $/tonne (45-60 £/t) (Greater London Authority, 2008) 
respectively. In India, 610,000 $/MW (39 million Rs./MW) of financial support is available for 
gasification systems. Waste gasification technologies in the UK are eligible to earn 2 ROCs/MWh 
and 0.1 $/kWh in RHIs. 
Gasification plants have a number of other advantages in comparison to incineration. They are 
capable of reducing the volume of waste by up to 95% (Wong and Tam, 2014) and flue gas clean-up 
is generally less intensive. CO2 emissions have also been reported to be lower than an incinerator at 
around 114g CO2/kWhe (Murphy and Mckeogh, 2004). This is due to the assumption of a higher net 
conversion efficiency of 27.2%, and greenhouse gas emission per kilowatt hours will be of the same 
order if the entire thermal product is utilised. Modern gasification systems have an enclosed nature 
of operation and this decreases the chance of groundwater pollution, and water pollution is most 
likely to be associated with transport and waste collection (Defra, 2013b). The size and land 
requirement for a gasification plant is comparable to a conventional WtE incineration plant. 
Nevertheless, the reliability of gasification plants can still be a concern and the syngas cleaning 
process remains the major challenge for gasification-based WtE plants. As a result, it is difficult for 
gasification plants to gain financial support and investment for commercialisation. 
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4.4 Anaerobic Digestion 
AD involves the biodegradation of organic matter by anaerobic microorganisms in the absence of 
oxygen to produce biogas. As AD can only be utilised for the organic fraction of MSW (OFMSW), 
there must be good source segregation and collection practices. Overall electrical energy conversion 
efficiencies have been reported to be in the range of 10–12% based on gas engines (Greater London 
Authority, 2008), and a 300 tpd AD plant requires approximately 2 hectares of land (CPHEEO, 
2000). In Europe, 56% of MSW AD plants produce heat and electricity, 16% inject purified biogas 
into the gas grid and 28% trade biogas for use as a transport fuel (Iacovidou, et al., 2013). In the 
UK, AD is well-established for domestic sewage and organic waste treatment; however, it is only 
just maturing for energy generation from municipal waste (Mallapaty, 2011). 
In India, there is limited experience in AD treatment of solid organic waste except for animal 
manure and sewage sludge (Unnikrishnan and Singh, 2010). As MSW in India is high in moisture 
and organic content, it is well-suited for anaerobic digestion (Singh, et al., 2011). However, large 
scale AD plants in India face difficulties with obtaining separated OFMSW and this issue 
contributed towards the failure of a 6 MW electricity generation plant in Lucknow. Nevertheless, 
success has been proven in smaller scale AD plants using feedstocks from restaurants, hotels and 
food markets (Kalyani and Pandey, 2014). 
The organic fraction of MSW in AD plants is reduced by approximately 70% (Hartmann and 
Ahring, 2005); therefore, with the estimated average organic fraction of MSW in India and UK 
being 50%, and 34% (see Figure 1), the total MSW volume is reduced respectively by 35% and 
24%. With small scale AD plants, the variability of the MSW feedstock in India does not typically 
affect the energy content of biogas produced through AD due to on-site separation of non-digestible 
materials and the advantage of long retention times (Planning Commission, 2014). In terms of 
environmental impact, AD has a low global warming potential and has been reported to provide net 
positive environmental gains (CPHEEO, 2000). However, as proper waste management regulations 
14 
 
with regards to health and safety are not in place, there are potential health risks in India due to 
exposure to pathogenic content of MSW during transport. There can also be risks of asphyxiation 
and explosions in AD systems due to the build-up of methane. 
Investment costs for AD are considerably lower than thermochemical WtE systems. One AD plant 
in Pune, India reported to the authors that the capital cost for their 10 tonne per day AD plant was 
50 $/tpa. O&M cost is estimated to be 1-6% of the capital costs or around 5-30 $/tonne (IRENA, 
2012). The capital cost for AD plants in the UK is around 310-460 $/tpa (200-300 £/tpa) (Greater 
London Authority, 2008). Whilst, digestate is potentially a valuable AD by-product, there is some 
market uncertainty. As a result, in the UK some plants are giving it away to farmers for free and in 
India it is often spread over large city gardens. The Indian government provides up to 310,000 
$/MW (20 million Rs./MW) to support AD WtE plants. The UK government's AD Strategy and 
Action Plan (Defra, 2013c) outlines a roadmap to increasing energy generation from waste using 
AD. This action plan's incentives for AD includes ROCs available at 2 ROCs/MWh generated, 0.1 
$/kWh (6.8 p/kWh) of RHIs for biogas combustion or biomethane injection projects, and FiTs for 
small scale AD electricity generation at 0.15-0.23 $/kWh (9.9-14.7p/kWh) (ARUP, 2015). AD 
facilities in the UK also gain revenue through gate fees which were reported in 2014 to be at an 
average of 60 $/tonne (40 £/tonne) (WRAP, 2014). 
4.5 Landfill Gas Recovery 
Landfill gas (LFG) recovery sites are modern landfills with strict sanitary and environmental 
standards which treat and collect leachate, as well as capture landfill gas for energy generation. 
Landfills require large land areas and can take up to 36 hectares (CPHEEO, 2000). This may cause 
concern as landfill space has become scarce in certain countries. The UK is one of the global 
leaders in LFG recovery; by the end of 2013, there were over 435 plants forming a total installation 
capacity of over 1 GWe (DECC, 2014). With a range of 1-1.2 kg CO2/kWhe, greenhouse gas 
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emissions from LFG recovery sites are higher than from other WtE technologies (Nixon, et al., 
2013b). The EC Landfill Directive (99/31/EC) sets mandatory targets for the reduction of 
biodegradable MSW sent to landfill and the current imposed tax for standard waste deposited in UK 
landfill sites is 120 $/tonne (HMRC, 2014). 
In India, 90% of MSW in cities is directly disposed into landfill in an uncontrolled manner (Singh, 
et al., 2011). As of 2011, there were no known sanitary LFG recovery and energy production sites in 
India (Siddiqui and Khan, 2011). However, there is a good potential for collecting gas from large 
old landfill sites (Mazumdar, 2008). In addition to the typical environmental and social hazards of 
landfill sites, infectious waste content is a concern in India due to a lack of segregation and 
regulations (Sharholy, et al., 2008). Other barriers identified in using LFG as an energy source in 
India include technological complexities and financial limitations (Mazumdar, 2008).  
The capital cost of developing a sanitary landfill with gas recovery is relatively low. In India, the 
capital cost for a 1.5 MW landfill site has been estimated to be 3.3 million US Dollars (Kumar and 
Sharma, 2014).  Given that an 800 tpd LFG plant in Thailand can generate 1 MWe (Kumar and 
Kumar, 2014), it is assumed that the capital cost for plants in India would be in the region of 10 
$/tpa. In the UK, the capital costs for landfill gas recovery have been reported to range from 1.2–1.5 
million $/MWe for sites generating less than 2 MWe. These figures are at least 50% less than the 
capital costs for an AD plant of comparable size (ARUP, 2011). Operations and maintenance costs 
have been considered to be in the region of 0.4-0.7% of the capital cost (Bove and Lunghi, 2006). In 
comparison with other WtE technology alternatives, LFG recovery gains the least governmental 
support from the UK and India. In the UK, closed landfill sites are eligible for 0.2 ROCs/MWh and 
landfill heat recovery sites are eligible for 0.1 ROCs/MWh. Non-hazardous landfill sites in the UK 
are also eligible for gate fees which were reported to be at an average of 33 $/tonne (21 £/tonne) 
(WRAP, 2014). In India, there are no known financial incentives for the development of sanitary 
LFG recovery sites. 
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4.6 Output of Technology Review 
The collected data was grouped and arranged into BOCR categories as outlined in Table 1. The 
collected data is used to guide the authors’ decisions for pair-wise comparisons through the AHP 
decision making process. The output of the technology review is summarised in Tables 2 and 3. Due 
to the paucity of information, pyrolysis has been excluded from the study. 
5. AHP-BOCR Analysis 
To obtain weightings for the criteria and sub-criteria levels of the hierarchy (see Figure 2), academic 
experts were requested to complete a survey to rank the importance of the BOCR groups and sub-
criteria through pair-wise comparisons using Saaty’s recommended 1-9 weighting scale: where 1, 3, 
5, 7 and 9 respectively indicates equal preference, moderate preference, strong preference, very 
strong preference and extreme preference, and 2, 4, 6 and 8 are compromises for the preferences in 
between 1, 3, 5, 7 and 9 (Saaty, 1977). Average scores based on the survey responses were then used 
to complete the pair-wise comparisons, and SuperDecisions® was used to compute the priority 
weighting (see Figure 4). As the full mathematical process for completing AHP pair-wise 
comparisons and analyses is well described elsewhere (Saaty, 1980 and Saaty, 2001), it is omitted 
from this paper. 
The preference of each WtE technological alternative for each criterion was then determined using 
the data collected from the literature review (Table 2 and Table 3). This was achieved through pair-
wise comparisons of the alternatives with respect to each sub-criteria in every BOCR group. The 
question considered in each comparison was: which of the two technologies compared has the 
greater positive factor (Benefit/ Opportunity) or greater negative factor (Cost/ Risk). To ensure 
consistency of judgements, the consistency ratio of the judgements is derived using Saaty’s 
randomly generated indexes (Saaty, 1977). Through this process, each technological alternative is 
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assigned with a priority score for each sub-criteria and a total rating for each Benefits, 
Opportunities, Costs and Risks cluster. 
An overall preference ranking for each technological alternative can be determined in different 
ways in an AHP-BOCR analysis (Saaty, 2004). In this study, the final preference rankings of the 
technologies were calculated using the formula bB+oO-cC-rR, where b, o, c and r are the total 
ratings for each technology against each BOCR cluster (see Figure 5a-d), and B,O,C,R are the 
overall preference weightings for the Benefits, Opportunities, Costs and Risks groups, as 
determined by the academic experts. As the formula subtracts the sum of the prioritized Costs and 
Risks (negative factors) from the sum of the prioritized Benefits and Opportunities (positive 
factors), the final rankings can turn out to be negative, which is a strong indication that an 
alternative is highly undesirable (Saaty and Sodenkamp, 2010).  
6. Results and Discussion 
Figure 5a-d shows the priority rankings within each BOCR group for all technology alternatives in 
the UK and India. AD has the highest ranking for both the Benefits and Opportunities Indian group 
with 26% and 40% respectively. Sanitary LFG is a close second in terms of Benefits for India, with 
only a 0.6% difference compared to the Benefits of AD. Gasification is identified as having strong 
Opportunities in India with a ranking of 34%.  For the UK, incineration and gasification lead the 
Benefits group with 32%. RDF incineration has good Benefits in the UK with a 25% preference 
ranking. In terms of Opportunities in the UK, gasification is ranked the highest with 43%.  
The results for the Costs group are similar for both India and the UK. Gasification is ranked as the 
most costly technology with 36% for India and 39% for the UK. With around 4%, LFG is the least 
costly technology for India and the UK. For the Risks group, gasification is ranked highest for India 
with 36%, whereas LFG is ranked as the highest risk technology in the UK with 46%. The WtE 
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technology with the least risk for both India and UK is RDF incineration, which has a ranking of 
9% and 10% respectively. 
When Benefits, Opportunities, Costs and Risks are synthesised by the bB+oO-cC-rR formula to 
obtain an overall preference ranking, there is a clear difference between the preferred technologies 
in India and the UK. With an overall preference ranking of 53%, AD is the most suitable WtE 
technology for India. In comparison, gasification is considered the most feasible technology for the 
UK with an overall preference ranking of 38%. The second highest ranked technology in India is 
gasification with a preference ranking of 23%. This is approximately half of AD’s preference 
ranking and hence this demonstrates a clear preference towards AD in India. With an overall 
ranking of 15%, RDF incineration is the third most preferred WtE technology in India. For the UK 
case study, AD is the second highest ranked technology with 19% and incineration is third with 5%.  
For the India case study, sanitary LFG recovery scored only 3% making it the least preferred 
technology. LFG recovery and RDF incineration are found to be highly undesirable technologies for 
the UK with an overall preference ranking of -30% and -8% respectively. Overall preference 
rankings for all the MSW energy generation technologies in India and the UK are illustrated in 
Figures 6 and 7. 
For a particular technology alternative to have a higher overall ranking, Benefits and Opportunities 
require high priority ratings, and Costs and Risks need to have lower priority ratings. The strong 
preference for AD in India is attributed to its technology compatibility with local MSW, superior 
market establishment and the fact that it achieved low priority scores for the Risk sub criteria within 
the decision framework. The favourable results for AD reflect the potential of small scale AD plants 
in India. Even though gasification has the highest priority ranking in the Costs and Risks groups, it 
turned out as the second most preferred technology alternative. This is due to Costs receiving a 
group importance weighting of only 0.08. Therefore, the high initial investment cost for gasification 
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does not negatively impact the overall preference rankings. In addition to this, gasification also 
fared well in the Opportunities group (34%) due to more government funding opportunities in 
comparison with other technologies. 
For the UK, the Benefits group obtained an importance weighting of only 0.08.  Therefore, a high 
overall technology preference ranking was governed primarily by good Opportunities, low Costs 
and low Risks. As a result, gasification turned out to be the most favoured technology for the UK as 
it does not require large land areas, has high government funding opportunities and has lower 
hygiene and environmental risks in comparison to other WtE technologies. The strong preference 
for gasification does not represent the current development status of the UK gasification market as 
there is only one operational MSW gasification plant. Although some large scale plants exist in 
Europe, North America and Japan (Defra, 2013b), successful applications of gasification-based 
WTE plants with continuous operation are so far limited in the world due to cost and reliability 
issues (Arena, 2011). Nevertheless, the situation in the UK may change in the future as there are a 
number of plants under construction and in the planning phase of development (UKWIN, 2015). 
The results observed in this study highlight the significant variations in preference for alternative 
WtE technologies in different countries. This outcome is a result of the different socio-economic 
and technological environments which have been considered by the decision makers during the 
allocation of criteria weightings for each case study. Some of the main differences arose in the 
Benefits, Opportunities and Risks groups for India and the UK, and they included technology 
compatibility with local MSW composition, government funding opportunities, health and safety 
risks and the availability of technical expertise. Such differences are sometimes overlooked by 
stakeholders when making decisions and thus, more structured approaches need to be adopted. 
One of the limitations of this study is that different evaluation criteria could have been incorporated. 
Selection criteria need to be carefully considered and often may be country specific. To address this, 
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additional stakeholders and experts can be engaged when determining suitable selection criteria. 
Bringing a panel of experts together in a workshop makes it easier to achieve a group consensus. In 
this study, only academic experts’ opinions were collected; however, municipal officers, policy 
makers and industry operators would likely have varying opinions. In order to account for these 
variations it is necessary to carry out a sensitivity analysis. 
7. Sensitivity analysis 
The sensitivity of the AHP-BOCR results was investigated to observe how the results may change 
according to different expert opinions and scenarios.  The BOCR group importance weightings 
were each individually, increased and decreased whilst keeping the other group weightings 
proportionally the same (see Figure 8a–b and Figure 9). A further sensitivity analysis was 
performed at the sub criteria level to examine the impact of potential changes in the WtE industry 
such as (i) improved MSW segregation practices in India, and (ii) reduced government funding for 
gasification in the UK. 
 
For the case study in India, AD remains as the highest ranked technology regardless of individual 
BOCR group weightings. However, gasification's ranking is particularly sensitive to changes in the 
group weightings. As shown in Figure 8, the preference ranking for gasification decreases when the 
priority of Opportunities decreases and when the priority of Risk increases above 0.5. For the UK 
case study, the most preferred technology (gasification) changes with variations in Costs group 
priority weightings. When the importance of Costs increases by more than 0.5, AD has the potential 
to become more preferable than gasification (see Figure 9).  
To investigate the outcome of potentially improved future MSW segregation practices in India, the 
priority rating for 'inadequate waste segregation' in the sub-criteria level was lowered from 0.433 to 
0.233. This results in sanitary LFG emerging as the technology with the highest Risk rating. The 
scenario of reduced financial support for gasification in the UK was investigated by making the 
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'government support' (Opportunities sub-criteria) priority weighting for gasification equal to that of 
AD’s. This assumes that both technologies are eligible to equal amounts of financial support and 
also results in AD becoming the preferred technology. The analysis does indicate the model to be 
very sensitive to changes in the criteria weighting. Whilst, some extreme weightings have been 
considered, the results do highlight the importance of obtaining quality information and a consensus 
from a panel of experts. 
8. Conclusion 
The success of a WtE project is highly dependent on a country’s socio-economic and technological 
environment.  This study applied a MCDM method to compare the feasibility of five technologies 
for energy generation from MSW in a developing country (India) and a developed country (UK). 
Based on the results of this study, AD is the most promising technology for India to pursue. 
Gasification and RDF incineration are indicated to be the second and third most preferred 
technologies for India. For the UK, the results indicated gasification to be the most favourable 
technology; AD received the second highest preference. This is an interesting result as incineration 
is far more widely adopted and technical difficulties have hindered the uptake of gasification 
projects in the UK. As this study does not focus on a particular location within a country, a 
combination of the preferred WtE technologies is recommended for each country. Our results also 
highlighted the wide differences – particularly when considering the Benefits, Opportunities and 
Risks – in preference for the alternative WtE technologies in India and the UK, and these 
differences are at times omitted due to the lack of systematic decision making by stakeholders.  
The research approach adopted in this study has produced informative results to help guide strategic 
decision makers for the selection of WtE technologies in a developing country and a developed 
country.  Therefore, the AHP-BOCR model is considered as a valuable tool for the evaluation of 
waste management and sustainable energy generation technologies. It is suggested that the 
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application of the AHP-BOCR model is used to evaluate other waste to energy generation 
technologies in different countries.  
Figures and Tables 
Figure 1a-b: Comparison of average MSW compositions in (a) India and (b) UK (Defra, 2009; 
EAI, 2013). 
Figure 2: Hierarchical representation of the AHP-BOCR analysis. 
Figure 3: Overview of MSW to energy conversion technologies and their outputs. 
Figure 4: AHP-BOCR hierarchy structure with weightings obtained from experts’ opinions. 
Figure 5a-d: MSW WtE technology (a) Benefits, (b) Opportunities, (c) Costs, and (d) Risks 
preference rankings for both India and UK 
Figure 6: WtE technology overall BOCR preference rankings for India based on bB+oO-cC-rR. 
Figure 7: WtE technology overall BOCR preference rankings for UK based on bB+oO-cC-rR. 
Figure 8a-b: Overall preference rankings in India with regard to (a) Opportunities priority 
weighting and (b) Risks priority weighting. 
Figure 9: Overall preference rankings in UK with regard to Costs priority weighting. 
Table 1: BOCR sub-criteria determined through the technology review. 
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Figure 8 
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Figure 9 
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Table 1 
BOCR group Sub-criteria 
Benefit (B) 
B1 Overall system efficiency 
B2 Compatibility with local Municipal Solid 
Waste (MSW) composition 
B3 Volume reduction of MSW 
Opportunity (O) 
O1 Government support/ funding 
O2 Recovery of value from other products  
O3 Prominence/ establishment of technology 
Cost (C) 
C1 Capital cost 
C2 Operation and Maintenance (O&M)cost 
C3 Pre-treatment cost 
Risk (R) 
R1 Impact of inadequate waste segregation  
R2 Air pollution & water pollution 
R3  Health & safety/ hygiene risk 
R4 Lack of skilled resources/ technical 
expertise  
R5 Take up of large land area 
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Table 2 
BO CR 
Waste to energy technology type  
Incineration RDF Incineration Gasification Anaerobic Digestion 
Landfill  Gas 
Recovery 
BENEFITS 
O verall system efficiency 18%-26% 
Potentially higher than 
incineration 
18%-30% 10-20% 10% 
Compatible with local MSW 
composition 
Low Medium Medium High compatibility High compatibility 
Volume reduction of MSW 90% 
Similar for RDF 
fraction of MSW 
50-90% 
up to 38% 
(75% OFMSW) 
Low 
O PPORTUNITIES 
Generation/ recovery of 
other valuable products 
Low recovery 
of metals 
Low recovery of metals 
Production of fuel gas/ 
oil; slag and ash 
potential as aggregate 
Commercial fertiliser 
from digestate 
None 
Government support/ 
funding 
a
 
None 
National Programme 
on Energy Recovery, 
230,000 $/MW 
National Programme 
on Energy Recovery, 
610,000 $/MW 
National Programme on 
Energy Recovery, 
310,000 $/MW 
None 
Technology prominence/ 
establishment 
Low 
prominence 
Emerging Emerging Most prominent  Low prominence 
CO STS 
Capital cost 
a
 155-250 $/tpa 135 $/tpa 170-300 $/tpa 50 $/tpa 10 $/tpa 
O &M 
a
 85 $/tonne 
Higher compared to 
incineration due to 
processing of RDF 
65-112 $/tonne 5-30 $/tonne 0.2-0.3 $/tonne 
Pre-treatment costs None 
Medium-High 
(shredding, 
pelletisation etc.) 
Medium-High 
(segregation and 
shredding) 
Medium-High  
(segregation required) 
Medium (cost of 
pre-treatment to 
upgrade gas to 
pipeline quality and 
leachate treatment) 
RISKS 
Impact of inadequate waste 
segregation 
Low Low High Medium Low 
Air & Water Pollution 
0.22 kg 
CO2/kWh 
Lower than 
unprocessed MSW 
0.11 kg CO2/kWh 
Net positive 
environmental gains 
achievable 
1-1.2 kg CO2/kWh 
Medium water 
pollution 
(water used in 
scrubbing) 
Medium water 
pollution 
(water used in 
scrubbing) 
Small quantity waste 
water to dispose of 
Medium water 
pollution 
Medium-High water 
pollution 
Hygiene/ health & safety 
risks 
Hygienic. 
Transmission 
of disease 
minimised (no 
direct contact 
with waste) 
Hygienic. Transmission 
of disease minimised 
(no direct contact with 
waste) 
Hygienic. Transmission 
of disease minimised 
(no direct contact with 
waste) 
Pathogenic content of 
feedstock may cause 
health risks during 
transport; potential 
asphyxiation and 
explosion hazard from 
methane build up if not 
well ventilated 
Infectious waste 
from hospitals 
might find way to 
landfill site; 
potential 
asphyxiation and 
explosion hazard 
from methane build 
up if not well 
ventilated 
Lack of resources/ technical 
expertise 
High - Lack of 
highly skilled 
expertise 
High -  Lack of highly 
skilled expertise 
High - Lack of highly 
skilled expertise 
Low - skilled personnel 
not required 
Medium – lack of 
skilled expertise to 
develop and 
maintain sanitary 
system 
Requirement of large land 
area 
0.8 hectare 0.8 hectare 0.8 hectare 2 hectares 36 hectares 
 
a The 2015 exchange rate of 1 Indian Rupee (INR) to 0.016 US Dollars (USD) has been used 
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Table 3 
BO CR 
Waste to Energy technology type  
Incineration RDF Incineration Gasification Anaerobic Digestion  
Landfill  Gas 
Recovery 
BENEFITS 
O verall system efficiency 18%-26% 
 Potentially higher 
than incineration 
10%-40% 10-20% 10% 
Compatible with local 
MSW composition 
High compatibility High compatibility High compatibility Low compatibility Compatible 
Volume reduction of MSW 90% 75-90% 50-90% 
up to 25% ( 75% 
OFMSW) 
Low 
O PPORTUNITIES 
Generation of other 
valuable by-products 
Recovery of metals, 
bottom ash 
potential as 
aggregate for 
construction 
Recovery of metals, 
bottom ash potential 
as aggregate for 
construction 
Production of fuel 
gas/ oil; slag and ash 
potential as aggregate 
Potential market for 
compost from source 
separated waste 
None 
Government 
support/ 
funding
 a
 
ROC 
1 ROC/MWh 
only if it  is CHP 
 1 ROC/MWh 
only if it  is CHP 
 2 ROCs/MWh 2 ROCs/MWh 
Open sites Zero 
ROCs/MWh; 
Closed sites 0.2 
ROCs/MWh; 
landfill heat 
recovery sites 0.1 
ROCs.MWh 
Gate Fees 100-140 $/tonne 100-140 $/tonne 100-140 $/tonne 60 $/ tonne 33 $/tonne 
Feed-In 
tariffs 
for micro CHP – 
2kWe or less 
0.17-0.19 $/kWh 
- - 0.15-0.23 $/kWh  - 
Renewabl
e Heat 
Incentive 
0.04 $/kWh 0.04 $/kWh 0.1 $/kWh 
for biogas combustion or 
biomethane injection 
0.1 $/kWh 
- 
Technology prominence/ 
establishment 
High prominence 
Not established  
(RDF mainly 
exported) 
Emerging Emerging High prominence 
CO ST 
Capital cost 
a
 620-700 $/tpa  620-700 $/tpa  620-850 $/tpa 310-460 $/tpa 
At least 50% less 
than capital costs of 
AD 
O &M cost 
10% of capital 
cost  
higher compared to 
incineration due to 
processing of RDF 
10-12% of capital 
cost 
1-6% of capital cost  
0.4-0.7% of capital 
cost  
Pre-treatment cost None 
Medium - 
pelletisation 
High - segregation 
and shredding 
Medium - segregation 
required 
None 
RISK 
Impact of inadequate waste 
segregation 
Low Low High Medium Low 
Air & Water Pollution 
0.22 kg CO2/kWh 
Lower than 
unprocessed MSW  
0.11 kg CO2/kWh 
Net positive 
environmental gains 
achievable 
1-1.2 kg CO2/kWh 
Small quantity 
waste water to 
dispose of 
Small quantity waste 
water to dispose of 
Small quantity waste 
water to dispose of 
Medium water pollution 
Medium-High water 
pollution 
Hygiene/ health & safety 
risks 
Small contribution 
to local 
concentrations of 
air pollutants 
Small contribution to 
local concentrations 
of air pollutants; use 
of RDF as feedstock 
reduces risk of 
vermin and pests 
Clean, minimal 
health and safety 
risks 
Potential microbial 
infection hazards and 
physical injury arising 
from sharp contaminants 
due to handling of MSW; 
potential asphyxiation 
and explosion hazard 
from methane build up if 
not well ventilated 
Potential 
asphyxiation and 
explosion hazard 
from methane build 
up if not well 
ventilated 
Lack of resources/ technical 
expertise 
Low Medium 
High - lack of skilled 
expertise 
Low Low 
Requirement of large land 
area 
0.8 hectare 0.8 hectare 0.8 hectare 2 hectares 36 hectares 
a The 2015 exchange  rate of 1 Pound Sterling (GBR) to 1.55 US Dollars (USD) has been used 
